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 Theory

 EW Interactions → CKM Matrix → CP Violation → B mesons → system → 


 The BaBar Experiment

 Detector Components & Relevance

 SVT Calibration

 Analysis

 Event Selection & PDF construction.

 Validation & Systematics.

 Results & Implications for the CKM Matrix.

Outline
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Setting The Context
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Standard Model

 The Electro-Weak symmetry is broken via the Higgs mechanism.

 Quarks acquire masses and the generations (weakly) interact.

 Charged Current Interaction:

 V (i,j=1,2,3) is the Cabibbo-Kobayashi-Maskawa (CKM) matrix.
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CKM Matrix
 Describes the mixing between three generations of quarks.

 Parameterized by 3 mixing angles and a phase.

VCKM

 CP Symmetry is violated for a nonzero phase (/≈2.5).

: |VCKM|
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CP Violation

 Unitarity of CKM matrix implies:

 Triangle Area Corresponds to the 
amount of CP violation (same for 
K, Bs, Bd).

 ‘Openness’ of (c) points to the 
presence of large CP asymmetries. =-arg[VtdV*

tb/VudV*
ub]
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B Meson Decays

 Provide information about the angles 
and sides of the unitarity triangle.

We study the B0 - B0 oscillations: 

 The interference between a direct decay and such oscillation 
enables us to measure the size of the CP violation.


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Mass Mixing & Time Dependence 
 The mass-eigenstates are:

 |p|~|q|

 The rate for producing the CP final state is:

  Case:

 Vector-vector state, which can decay via S, P or D waves. 
 Our final state (f) is the  Longitudinal state.
 SCP, CCP are determined via the TD analysis.

direct decay mixing
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Physics of CP Coefficients 

 SCP corresponds to CP violation due to mixing.

 SCP=sin(2) when Penguin Loop corrections are neglected.

 CCP corresponds to direct CP violation (with final states having different phases).

 CCP= 0 at tree level.

 Non Standard Model physics can affect either type of CP violation

We measure the asymmetry
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Measuring 

 Original attempt: measure SCP in B→. 

 Large loop corrections require knowledge of CP parameters in B→, B→ as 
well. 

 Not possible to obtain time (vertex) information for B→.

Measure =180o-- via weak phases.

 B→ we can perform the full Isospin Analysis.

extract 

extract 

 Several possible processes.
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 System & Isospin
 The three decays B→00, B→+0, B→+- only have two (longitudinal) final 
states (I=0,2).

 The (strong & weak) phases can be related to each other & Unitarity Angles.

We represent relations between the amplitudes as triangles in the Complex Plane.

We retain the four-fold ambiguity with respect to orientation of the triangles.

2

2(90o-)2(90o-eff)
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+-

Tree Level Leading Penguin

 The Tree Diagram is not color suppressed ( BR=23.5x10-6 ) .

 The Leading Penguin is suppressed. 

 The process can be used to evaluate eff .

 SCP=(√1-CCP
2)sin(2) or SCP ≡(√1-CCP

2)sin(2eff).
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00

Tree Level Strong Penguin

V*
ub

Vud

 The Tree Diagram is color suppressed.

 The Penguin Loop corrections make a significant contribution (~20%).

 The Electro-Weak Penguins generate final states with different hadronic and 
CKM phases.

We place limits on Penguin Contributions . 

Electro-Weak Penguin

 Unlike 00 we can fully reconstruct the decay vertices.
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Determining 
 Construct a 2().

 The measured quantities are 
denoted by ~ .

 All 10 parameters are expressed 
in terms of the four amplitudes 
(A0,A2,A0,A2).

 

We minimize 2(), while scanning over .
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Objectives

 Examine The Electro-Weak interactions in the Standard 
Model, specifically focusing on CP properties of B decays.

Measure the BR and CP coefficients in B→ decays.

 Use the above to place a limit on .
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BaBar Experiment
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PEP-II & BaBar

 PEP-II is an asymmetric B-factory
e-(9GeV)e+(3.1GeV)→(4S) →BB

467x106 BB pairs







02/17/2009 B Ilya Osipenkov

18

The Detector
ElectroMagnetic
Calorimeter
6580 CsI(Tl) crystals

Cherenkov Detector 
(DIRC)

144 quartz bars
11000 PMs
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z

0
tagB

ee

 SΥ 4

K

0
recB

B-flavor tagging (~30%)
cβγz/t ΔΔ

Exclusive 
B-meson 

reconstruction




Y (4S) produces a 
coherent pair of 
neutral B mesons

~260 μm Δz
(BaBar)

The Decay 




0

0

l-

 B0    (~100 evts.).
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Subsystems

 Silicon Vertex Tracker (SVT)
 Energy loss on the silicon strips, enabling precise vertex reconstruction & charged 
Particle ID (PID). 

 The Drift Chamber (DCH)
 Ionization of the helium based gas allowing for precise momentum measurements & PID.

 Detector of Internally Reflected Cherenkov Radiation (DIRC)
 Track velocity based on the Cherenkov Angle, primarily distinguishing Pions & Kaons.

 Electromagnetic Calorimeter (EMC)
 Energy & position of e-, , 0 by absorbing their energy.

 Instrumented Flux Return (IFR)
 Presence of muons and neutral hadrons, which were able to penetrate other subdetectors.

 Reconstruct the decay vertices.
 Reconstruct the exclusive final state. 
 Determine the flavor of the conjugate B0.
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SVT 

 Five concentric cylindrical layers of 
double-sided silicon detectors.

 Reconstructs the decay vertices of the two 
B0-mesons (essential for measurement of CP 
asymmetries).

Measures Specific Ionization per hit.

Momentum information (by inverting the 
Bethe-Bloch curve).
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Energy Loss 

 For the moderately 
relativistic (charged) 
particles most of the energy 
loss occurs via ionization 
and atomic excitation.

DCH Energy Loss

plab (GeV/c)
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-electrons

-muons

-pions

-kaons

-protons.

 Described by the Bethe-Bloch equation: -dE/dx~(C*Ln()-2-)/2
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SVT Calibration & Tracking 

 The actual energy loss is dependent upon time, ,  and the particle 
momentum.

 dE/dx=dE/dx[log(,C(,log(), C0(),C1(),C2(), C3(), C4()]
the calibration constants C,C0,C1,… were determined by A. Telnov.

 The (approximate) inverse can be used to provide momentum 
information.

 I have integrated these into the BaBar software.

 In the low momentum region particles lose a significant portion of their 
momentum with each interaction. 

 Thus energy loss significantly varies between hits, making the (track 
based) truncated mean approach insufficient.
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Hit By Hit Model
Work in progress with the ultimate goal of improving track 

reconstruction, resolution and efficiency (particularly for low energy ’s).
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x=log10()

 Examining the individual energy loss (both  & Z views) and accounting for dominant 
geometric effects.
 Producing sufficiently pure particle samples and using them to analyze energy loss within 
particular momentum ranges.
Modeling the dependence of energy loss for each relevant variable (,  , layer, etc.).
 Combining the measurements to produce a hit dependent equivalent to the Bethe-Bloch.

Typical Fit (Wafer Layer 4)

x - Protons

x - Kaons

x - Pions

x=log10()
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Data: Universal Bethe-Bloch Scatter Plot
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Analysis
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Analysis Outline 

 Controlling Backgrounds I: Parameters & Cuts

 Controlling Backgrounds II: PDF Fits

 Time Dependence

 Fit Yields & Validations

 Systematics

 Results & Implications
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Parameters

 B0 mass, reconstructed from beam energy (5.245<mES<5.29 GeV/c2).

 The Difference between reconstructed B-energy and beam value (|E|<0.085 
GeV).

 Reconstructed masses of the 0 mesons (0.55<m1m2<1.05 GeV/c2).

 Helicities (aka decay angles) of the 0 mesons (|cos1|,|cos|<0.98).

 Time between the decay of the two B’s (|t|<15ps) and its error (0.1<tError<2.5).

 Tagging Categories for the other B (six possibilities).

 Discriminant constructed to distinguish signal from continuum background (|E-
shape|<2 or |L-shape|<5).

 Goal: Optimize the signal, while minimizing the backgrounds.

 Select the desired ranges for:
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Discriminants I

 Distinguish ‘jetty’ background events from the ‘symmetric’ BB events.

Neural Net Multivariate (eShape) vs. Likelihood Based (LikeShape).

Variables:

Monomials L0
charged, L0

neutral, L2
charged, 

L2
neutral.

 vertex 2 probability.
 cosBT (angle between B thrust and 
ROE thrust).
 cosThBa (polar angle of B thrust in 
CMS).
 cosB (polar angle of B momentum in 
CMS)

--- Just Four Monomials.

--- LikeShape without 2

--- LikeShape

--- eShape (NN)

Discriminant Comparison


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Discriminants II

 Signal
Likelihood Discriminant

 Signal
Neural Net

 Neural Net Multivariate Discriminant.
 Used in the Standard Fitter.
 Gives the greatest possible discriminating ability.

 Alternative: Likelihood Based Discriminant.
 One of the first analyses in BaBar to use the technique.
 Not a ‘black box’.
 Simpler PDF parameterizations for most modes.
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0.820.0440.82 +/- 0.03C

1.040.0061.04 +/- 0.03S

25.720.68825.71 +/- 0.18nFullSig

Total ErrorSystematic ErrorMean Stat ErrorQuantity

LikeShape

0.830.0470.83 +/- 0.03C

1.010.0221.01 +/- 0.03S

26.023.26625.81 +/- 0.19nFullSig

Total ErrorSystematic ErrorMean Stat ErrorQuantity

eShape

Discriminants III
 Perform Each Fit & Compare the Errors.

 LikeShape reduces the Systematic Error by 4.7-times or 2.6 evts.
 Statistical Error Dominates & the collaboration chose to keep eShape as the default.
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 Vetoed by placing restrictions on reconstructed D-masses.

D-Veto

 Implemented an improved algorithm for selecting the ‘fast’ .

 Goal: remove the D backgrounds, which have a signal-like peak.

D-Veto Impact

mES

- No D-veto 
- ‘Old’ D-veto
- Improved Algorithmor

and



02/17/2009 B Ilya Osipenkov

32

 Use  B0→D-+→(K+- -) + control 
sample to calibrate E, mES and eShape 
parameters.

 Make the necessary modifications to the 
parameters.

 Obtain the errors to be used in Error 
Analysis of the PDF shape uncertainty.

Control Sample

(D- ) MC

Control Sample

(D- ) Data

Control Sample Studies

 Goal: Account for discrepancies between Data & MC



02/17/2009 B Ilya Osipenkov

33

Candidate Selection
We have multiple candidates for the same event (~5%).

 Goal: Determine which approach yields the smallest combination of 
statistical and systematic error.

(1) Random: Signal Efficiency 
Sig=0.87.

(2) Based on best 2 vertex: Sig=0.92. 

(3) Based on best 2 E, m1, m2 (with 
or without vertex info): Sig=0.97

 Use (2) since (3) introduces large correlations between the signal & 
backgrounds.

- vs Continuum
- vs BB background

FOM: Sig/√Bkg
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Component PDFs

 In addition to B000 (~100evts.) there are a number of 
problematic backgrounds in the signal region.

 Fit in mES, E, eShape, m()1,2, cos1,2, tagging category, t.

 A major portion of the analysis is to Isolate, Fit & Examine these PDFs.

 Combine & Construct a ML Fit.
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Non Resonant Modes: B00+-, B0+-+-. (~0 evts.).
 Particularly problematic to extract.

 Secondary Signal Modes: B00f0(980) and B0f0f0 (~10evts.).

B0a1
+++ (~250 evts.).

 Signal-like in mES and E.

 Interferes with the signal modes & is the main source of systematic error.

 Signal-Like Charmless Modes: B00B0f0(~100 
evts.).
 Fit PDFs Individually.

 Control Overall Yields.

Backgrounds I

 PDFs resemble the signal

M
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 Self Cross Feed-Like Charmless Cocktail: B0+, +-, +-, 
-+, 0+, ’K, a1

+f0, a1
0+ (~500 evts.).

 One (or more) mismatched .

 Fit simultaneously & study the impact of changing component yields.

 Several ways to combine Signal-Like & SXF-Like Charmless.

Remaining BB decays (~2000 evts.).

Continuum background (~70000 evts.).
 Separate Using the NN Discriminant (eShape).

 Fit to the sideband & allow (some) parameters to float in the Data fit.

Backgrounds II



 Large event count in the Signal Region
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Continuum PDFs.

 MC  MC
 MC

fL=0.5

Bkg Data

longitudinal

transverse

 reconstructed mass Event Shape Discriminant Helicity - cos1

Bkg Data Bkg Data

0 like modes

f0 like

remaining

0 like modes

f0 like

remaining

 reconstructed mass Event Shape Discriminant Helicity - cos1
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 t is fitted with a CP Model PDF convoluted with a resolution function.

Time Dependence

 t TagCat Three: 

Kaon 2

TagCat One: 

Lepton

Continuum t

 Qtag=±1 for B0,B0; ,  are the mistag fraction and error for each Tagging 
Category; G(,0,) is a Gaussian with the bias 0 and standard deviation .


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Raw ML Fit

The Maximum Likelihood fit is performed in multiple stages:

34.334.335.335.3107.0107.00000 YieldYield

35.239.3-23.50Yield

4.97.84.4f0f0 Yield

20.121.710.20f0 Yield

4952248a1 Yield

8789669Chls Yield

28328468691Bkg Yield

1501512356BBbar Yield

25.329.73.74 Yield

0.150.130.71polarization fL

0.730.730.670.670.260.26S S 

0.700.700.820.820.200.20CC

-Error+ErrorValueParameter

 Likelihood Scan

 CP-Symmetric Fit with Continuum 
mass-helicity & eShape parameters 
floated.

 CP-Symmetric Fit with t parameters 
floated.

 Full (CP dependent) fit:
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Validation I: Toys

 Construct 100 Toy Datasets for Embedded MC (with Chls., BB & 
Continuum generated from PDFs).

0.860.060.0C

0.98-0.020.0S Pull

25.412.860f0

1.140.140.0C Pull

0.98-0.43-0.4S

8.93.86f0f0

36.4-4.104

48.4-10.800

19.129.72900 Tran

30.659.95600 Long

RMSFittedGivenParameter

Typical Configuration

 Apply to various sets of initial parameters.
Longitudinal Signal

Pull on S


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Validation II: Fit Bias

 Vary Longitudinal and Transverse Yields about their expected value.

 The bias is 6.2±1.3 for the Longitudinal and 1.7±0.7 for the Transverse yield.

 Similarly, vary S & C.

 The bias is 0.03±0.06 for S and 0.01±0.03 for C.
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Validation III:  Direct Projections

m

mES

 Generate toy MC (red) using parameters returned by the fit.

 Overlay with the Data (blue).

helicity

t
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Validation IV: Likelihood Ratios

 Likelihood Ratio: Lsig/LTot.

The PDF fit (blue) is a good match to the Data (black) with 2/ndf=1.20.

Full Range

x - Data 
- full PDF
- all background PDFs
- signal contribution. 

Signal Region
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Validation V: Projection Plots
 We place a likelihood cut to enhance the signal/background ratio and project 

the multidimensional fit onto its parameters.

• Projection plots onto E, eShape, helicity, mES, t and m. B000 signal 
is in red, background in blue and the sum in black.

mES t m

E eShape
helicity
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 Scale factors (don’t affect significance)
 Tracking efficiency (0.5%/track)
 PID efficiency (0.5%/track, evaluated with D control sample)
 Vertex 2 cut (<1%)
 Other selection cuts (<1%)
 B Counting (1%) 
 Interference with a1 final state (~14evts).
 Studied with toyMC

 Other systematic effects (which affect significance)
 Fit bias (~2 evts).
 Mainly due to correlations

 PDF Shapes (~5evts). 
 Studied by varying PDF parameters.

Systematics I:
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 Interference (primarily with a1) & PDF shape variation are the main sources 
of error.

0.0101.90.20.32.92.2Charmless BR

18evts

4.8

7evts

15evts

<1%

2.0%

2.0%

2.0%

1.0%

1.0%

1.1%

B00+-

7evts

0.9

3evts

6evts

<1%

2.0%

2.0%

2.0%

1.0%
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Systematics II:

Multiplicative (i.e. →0 as Signal→0)
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Non-Resonant Modes 
We obtain the upper limits of 8.8x10-6 for B00+- and

23.1x10-6 for B0+-+- at 90% CL.

 The mass range is the same as all other modes (0.55<m<1.05).

 Belle Limits: BR<11.9x10-6, BR4<19.0x10-6 (with 0.55<m<1.70).

 Likelihood Scan  Likelihood Scan
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 N = 99.1+35
-34(stat.)±16(syst.)

The significance (including systematics) is 3.1

 fL = 0.75+0.11
-0.14(stat.) ±0.05(syst.)

Nf =3+22
-20(stat.) ±12(syst.), Nf0f0 = 7+8

-5(stat.) ±7(syst.). 

N+- =-13+39
-35(stat.) ±18(syst.), N = 8+30

-25(stat.) ±11(syst.).

 BR = [0.92+0.33
-0.32(stat.)±0.14(syst.)]×10-6

 BRf < 0.40×10-6, BRf0f0 < 0.19×10-6 at 90% CL.

Results II:

Signal Modes 
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49Results III:

CP Parameters 

 SL
00 = 0.3 ± 0.7(stat.) ± 0.2(syst.) 

 CL
00 = 0.2 ± 0.8(stat.) ± 0.3(syst.)

 Correlation = 0.035.

 Total PDF

-  Signal

C

S

S

C
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Scan





 ||<15.7o (17.6o) at 1 (90%) CL, =(82.6+32.6
-6.3)o at 1.

 Perform the Isospin Analysis & Scan over 

-BR Only

-BR + CL

-BR + CL + SL

 Ambiguities:

2

vs.2
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CKM & UT Fits
 Combine the B→ results with other measurements (primarily B→,

B→).

 UT Fit: =(91±8)o @ 1.  CKM Fit: =(81.1+17.5
-4.9)

o @ 1.

 

Bayesian Frequentist
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Updated Results

 Reduces the size of .

 arXiv:0901.3522: BR()=[23.7±2.0]x10-6 (piror: [16.8±3.2]x10-6 )




2

vs.2

--- Old Results
___ New

 -1.8o<<6.7o, =(92.4+6.0
-6.5)o at 1.
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Implications for the CKM Matrix

 Further restrict the CKM parameters  & .
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Implications for the LHC

 B-factory searches restrict new physics effects to be 
<10%.

Masses ~300GeV-1TeV for the same couplings.

Most likely to restrict the couplings when the mass-
peaks are seen.
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Conclusions
 Evidence for B0 signal:
 BR=(0.92 ± 0.33 ± 0.14)×10-6 at 3.1 significance.
 fL=0.75 ± 0.14 ± 0.05.

 No significant evidence for B0f0, B0f0f0, 
B00+-, B0+-+- decays.

 CP Parameters:
 SL=0.3 ± 0.7 ± 0.2
 CL=0.2 ± 0.8 ± 0.2

 Performed Full Isospin Analysis & obtained limits 
for Penguin Contributions to :
 ||<15.7o at the 1 level.
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Backup


